Members of the cyanovirin-N homolog (CVNH) lectin family are found in bacteria, fungi and plants. As part of our ongoing work on CVNH structure-function studies, we determined the highresolution NMR solution structure of the homolog from the wheat head blight disease causing ascomycetous fungus Gibberella zeae (or Fusarium graminearum), hereafter called GzCVNH. Like cyanovirin-N (CV-N), GzCVNH comprises two tandem sequence repeats and the protein sequence exhibits 30% identity with CV-N. The overall structure is similar to those of other members of the CVNH family, with the conserved pseudo-symmetric halves of the structure, domains A and B, closely resembling recently determined structures of Tuber borchii, Neurospora crassa and Ceratopteris richardii CVNH proteins. Although GzCVNH exhibits a similar glycan recognition profile to CV-N and specifically binds to Manα(1-2)Manα, its weak carbohydrate binding affinity to only one binding site is insufficient for conferring anti-HIV activity.
Introduction
Lectins are mono-and oligosaccharide binding proteins found in a wide range of organisms, including animals, plants and microorganisms. 1 They are structurally highly diverse and carry out a plethora of biological functions. Animal lectins play a role in innate immunity by recognizing pathogen-associated glycans, mediate cell-cell communication and function in intra-cellular trafficking. In most cases, one lectin molecule possesses two or more carbohydrate binding sites, enabling cross-linking of targets by binding the displayed sugars. 2 The various roles attributed to plant lectins are nutrient storage, recognition of symbionts and defense reactions against pathogens and insects. Lectins from higher fungi are less well studied, although knowledge about their molecular properties has grown substantially in recent years. Many fungi are known to secrete lectins, however their functional roles are still unclear. 3 Given their highly specific sugar binding properties, interest in lectins is steadily increasing, particularly for biotechnological and medical applications, such as their use as diagnostic tools.
Recently, a new structural class of lectins, the so-called CVN homolog (CVNH) family, has been identified, with cyanovirin-N (CV-N) as the class defining member. 4 All CVNH proteins share a common three-dimensional fold similar to the one previously considered to be unique to CV-N. 5 , 6 Cyanovirin-N was originally isolated from an extract of the cyanobacterium Nostoc ellipsosporum 7 and was found to exhibit antiviral activity against a variety of viruses, most prominently against HIV-1. The protein's activity is mediated by binding to the terminal Manα(1-2)Manα units on the D1 and D3 arms of high-mannose oligosaccharides (Man-8 and Man-9) on the viral surface envelope glycoprotein gp120, thereby blocking viral entry into the cell. 8 Extensive biochemical and structural studies have established that multi-valent and multi-site interactions are necessary for antiviral activity. Variants of CV-N that contain only one binding site do not exhibit any antiviral activity, irrespective of whether this binding site is present on domain A or B. 9 -12 In fungi, CVNH sequences have been identified in the genomes of Neurospora crassa, a model organism, in pathogenic fungi such as Magnaporthe grisea, Gibberella zea, Botrytis cinerea and Aspergillus fumigatus, and in symbiotic fungi of great commercial interest such as truffles. Fungal CVNHs therefore may present important opportunities for developing environmental biocontrol strategies aimed at interfering with (pathogens) or promoting (symbionts) their interactions with other organisms.
Here we report the solution structure of a CVNH protein from Gibberella zea, GzCVNH, that shares 30% sequence identity with CV-N ( Figure 1) . Gibberella zea or Fusarium graminearum is a ubiquitous pathogen of cereal crops causing scab disease on wheat and barley that reduces crop yield and grain quality. 13 In addition to reducing seed mass and quality, the fungus contaminates grain with toxic metabolites, such as vomitoxin (deoxynivalenol), which in livestock and other animals causes a refusal to feed and lack of weight gain. 14 Gibberella zea is among the most economically important plant pathogens world wide and representative of the most destructive and widely studied genus of plant pathogenic fungi. Gibberella's impact on agriculture and food safety and its growing role in human health, was identified as a priority for whole-genome sequencing by the Broad Institute's Fungal Genome Initiative and in 2003 it became the second plant-pathogenic fungus for which the entire genome sequence was made publicly available (http://www.broad.mit.edu). Nearly all (99.8%) of the assembly of the genome was anchored into four chromosomes by genetically mapping markers derived from the genome sequence. 15 Among these, two cvn homologous genes were identified in the Gibberella zeae PH-1 strain, one on chromosome 2 (accession number FG03554.1), and one on chromosome 3 (accession number FG04975.1). These two genes represent examples of different classes of proteins within the CVNH family. The gene found on chromosome 3 (accession number FG04975.1) encodes a type I-CVNH and is made up of two uninterrupted CVNH sequence repeats, while the protein encoded on chromosome 2 (accession number FG03554.1) codes for a type III-CVNH, in which a LysM module bisects the two CVNH repeats, with both modules connected by two short, glycine-rich linkers. 4 In order to provide a molecular framework for understanding sequence and conformational similarities at the atomic level as well as the relationship of specific structural features with function, we determined the high-resolution structure of the protein encoded on chromosome 3 (FG04975.1). Carbohydrate glycoarray screening and NMR sugar titration studies were employed to examine the carbohydrate binding specificity and to structurally map the sugar binding site.
Our results show that: (i) like CV-N, the GzCVNH structure exhibits a pseudo-symmetric, bilobal architecture; (ii) GzCVNH exhibits similar carbohydrate specificities as CV-N, however the binding affinity for Manα(1-2)Manα on domain B is very weak and no specific binding to domain A could be detected. (iii) GzCVNH does not inhibit HIV, in perfect agreement with previous results with CVNH proteins that contain single carbohydrate binding sites.
Materials and Methods

Protein expression and purification
The protein was expressed using a synthetic gene of GzCVNH inserted into the pET-15b(+)vector (Novagen; Madison, WI) and E. coli BL-21(DE3) as the host strain. Using pET-15b(+) introduces three additional N-terminal residues in the final GzCVNH sequence. Uniform 15 N and 15 N/ 13 C-labeling was achieved utilizing 15 NH 4 Cl (1g/L) and 13 C 6 -D-glucose (2g/L) (Cambridge Isotope Laboratories, Inc; Andover, MA) as sole nitrogen and carbon sources, respectively. The expressed protein was isolated from the periplasmic fraction of E. coli cells by twice heating (70 °C) and cooling (0°C) the cell suspension in PBS buffer (pH 7.4). After removal of insoluble material by centrifugation, the supernatant containing soluble GzCVNH was initially purified by Ni + -affinity chromatography (Amersham Pharmacia Biotech, NJ), using ~ 500 mM imidazole for elution, followed by thrombin cleavage in 50 mM Tris, 100 mM NaCl, 2 mM CaCl 2 , pH 7.4, and gel filtration chromatography on a Superdex-75 column (HiLoad 2.6 cm × 60 cm, Amersham Pharmacia Biotech, NJ), equilibrated in 20 mM sodium phosphate buffer, 0.01% NaN 3 , pH 6.0. The G52P mutant of GzCVNH was created using the QuikChange XL II sitedirected mutagenesis kit (Stratagene) with two forward/reverse primers: 5'-GCAGCTTTAGCTGGGGCC CGGAAAACTTTAGCGGCAG-3'/5'-CTGCCGCTAAAGTTTTCCGGGCCCCAGCTAAAGC TGC-3'. The protein was expressed and purified as described for wild type GzCVNH. Structural assessment by 1 H-15 N HSQC spectroscopy revealed that this mutant was not folded correctly.
The quaternary state of GzCVNH was evaluated by native polyacrylamide gel electrophoresis and multi-angle light scattering (data not shown) and the protein was found to be monomeric. The extent of 15 N labeling was determined by mass spectrometry and the measured molecular mass was 12,078 Da, compared to an expected mass of 12,093, translating to ~ 90% labeling.
NMR spectroscopy
NMR spectra were recorded at 30°C on Bruker AVANCE 700 and AVANCE 600 spectrometers, equipped with 5-mm, triple resonance, three-axis gradient probes or z-axis gradient cryoprobes. Spectra were processed with NMRPipe 16 and analyzed with NMRview. 17 Samples contained 1.5 mM protein in 20 mM sodium phosphate buffer, pH 6.0. For chemical shift assignments, a series of heteronuclear, multi-dimensional experiments, routinely used in our laboratory were recorded. [18] [19] [20] [21] Complete 1 H, 15 N, and 13 C backbone and side chain resonance assignments were obtained using the following heteronuclear 2D and 3D experiments: 1 H-15 N HSQC, HNCACB, CBCA(CO)NH, HCCH-TOCSY, as well as a 3D simultaneous 13 C and 15 N NOESY, 22 with NOEs for inter-proton distance constraints extracted from the NOESY spectrum, recorded with a mixing time of 100 ms.
NMR Solution structure determination
All NOESY cross peaks were picked using NMRView 17 and inspected/sorted manually for accuracy. NOESY cross peaks were assigned using the ATNOS algorithm 23 of CYANA v2.1 24 in an automated fashion. The input for ATNOS consisted of the amino acid sequence of the protein, chemical shift lists from sequence-specific resonance assignment, and NOEs from 15 N and 13 C-edited 3D-NOESY spectra. Throughout all calculations, 121 backbone torsion angle constraints derived from TALOS 25 were employed. CYANA calculations were performed for seven iterative cycles with an additional cycle for stereospecific assignments for the final structure calculations. From the second cycle onwards, the intermediate protein structures were used as an additional guide for the interpretation of the NOESY spectra. To obtain the best structural quality with the lowest energy target function and no restraints violations, successive runs incorporated optimized input NOE peak lists and chemical shifts assignments. Continued analysis of the NMR data during the process of automated protein structure determination was used for direct feedback between the structure, NOE assignments and experimental NOESY spectra in an iterative fashion. The initial CYANA calculations were used to generate the interproton distance restraints (2391) that were incorporated into further simulated annealing refinement with CNS v1.2 26 , and the final structures were examined using PROCHECK-NMR27 and PSVS28.
The atomic coordinates and NMR constraints have been deposited in the RCSB Protein Data Bank under accession code 2L2F. All structure figures were generated using the program Pymol and Swiss-PdbViewer v3.7. 29 
NMR titrations
Titration experiments were performed using uniformly 15 30 For determination of dissociation constants, Δδ was plotted as a function of the ligand/protein molar ratio and the data were fitted using the maximum shift and dissociation constant as adjustable parameters.
An accurate concentration of the oligosaccharide was obtained by compositional analysis of the stock solution at the Complex Carbohydrate Research Center at the University of Georgia.
Fluorescent labeling
Purified GzCVNH and CV-N proteins (~500 μM) were incubated with equimolar concentration of the Cy5 dye (GE Healthcare) in 20 mM sodium phosphate buffer, pH 7.4, in the presence of 2 mM TCEP to protect the free cysteines from oxidation. The reaction was carried out for 2 hours at room temperature in the dark. The unreacted fluorophore was removed in two steps. First, the bulk of the free dye was removed by passage over a PD-10 desalting column (GE Healthcare, Uppsala, Sweden) in 20 mM sodium phosphate buffer, pH 7.4. Dye-labeled protein fractions were collected and concentrated to ~150μM using centriprep devices (Millipore). A similar protocol was followed to label a Q50C CV-N mutant, containing a free sulfhydral with Cy5. This protein was used as a control. The labeling efficiency was about 80%, as evaluated by ESI -mass spectrometry. The structural integrity of the labeled proteins was ascertained by recording 1 H-15 N HSQC spectra and both proteins were found to be well folded.
Anti-HIV assays
In order to establish whether the GzCVNH protein possesses any anti-HIV activity, HIV infectivity assays were carried out, using CV-N as a control, as described previously. 31 For antiviral assays, purified GzCVNH protein was serially diluted in sterile phosphate-buffered saline and 5 μl were added to 500 μl of pre-diluted infectious HIV-1 (produced by transfection of 293T cells with the R9 molecular clone and incubated for 30 min at room temperature). Aliquots of the mixture (125 μL, triplicates) were added to cultures of HeLa-P4 cells (20,000 cells seeded per well the day before in a 48-well format) and after two days, cells were fixed and stained with X-Gal overnight, and counted. Results are expressed as the average number of X-gal-positive cells per well.
Results
GzCVNH sequence
Sequence alignment and comparison of the 108 amino acid containing GzCVNH and the 101 residue CV-N sequences revealed an overall identity of 30% (Figure 1(a) ). This is similar to the identity observed between the two sequence repeats of GzCVNH (35%) and their equivalents in CV-N (33%).
Comparing CV-N and GzCVNH, a distinctive sequence difference was noted for the number of cysteine residues and therefore the disulfide bonds in the two proteins. Only one of the cysteine residues present in CV-N, Cys22, is conserved in GzCVNH, while the remaining three Cys residues are replaced by Ser (Cys8-Ser), Ala (Cys58-Ala) and Leu (Cys73-Leu). Furthermore, GzCVNH contains an additional Cys residue at its C-terminus (Cys101) that has no counterpart in CV-N.
Previous biochemical and structural studies showed that CV-N possesses two carbohydrate binding sites, one on domain A (residues 1-38, 90-101) and one on domain B (residues 39-89).32 , 33 Considering solely sequence, some amino acids involved in sugar binding on domain A of GzCVNH (residues 1-39, 96-108) are the same as in CV-N (Gly2, Asn93), others are conservatively substituted (Leu1-Met, Lys3-Asn and Thr7-Ser) while several are dramatically different (Glu23-Gly and Asp95-Cys; CV-N numbering). Only a slightly smaller difference in sequence is found for residues that make up the carbohydrate binding site on domain B (residues 40-95). Three are identical (Asn42, Asp44, Asn53), two are conservatively substituted (Thr57-Ser), and two are significantly different (Ser52-Glu, Lys74-Asn) (Figure 1(a) ).
GzCVNH NMR solution structure
The solution structure of GzCVNH was determined by NMR spectroscopy using uniformly 15 N-and 13 C, 15 N-labeled samples and established protocols commonly used in our laboratory. A set of 20 simulated annealing structures was calculated based on 2391 interproton distances and 121 torsion angle constraints. All structures are well defined, satisfy all experimental constraints, display excellent covalent geometry and exhibit atomic r.m.s. deviations of 0.20 ± 0.05 and 0.57 ± 0.04 Å with respect to the mean coordinate positions for the backbone (N, C α , C') and all heavy atoms, respectively. About 79% of residues lie in the most favorable region of the Ramachandran plot. 34 A summary of all experimental constraints as well as pertinent structural statistics for the refined ensemble of 20 conformers are provided in Table 1 .
The overall fold of GzCVNH is very similar to the structure of CV-N 5 , as well as other CVNH family members. 6 A superposition of the backbone NMR solution structures of GzCVNH and CV-N is provided in ribbon representation in Figure 1(b) and a stereoview of the refined 20-conformer ensemble is shown in Figure 2(a) . Like wild type CV-N, the GzCVNH structure contains two pseudo-symmetric domains and the architecture of both proteins, as well as their secondary structure elements are very similar. The latter are made up from two anti-parallel triple-stranded β-sheets (sheet 1: residues 8-14 (β 1 ), 18-24 (β 2 ) and 30-36 (β 3 ); sheet 2: residues 60-67 (β 6 ), 72-79 (β 7 ) and 87-92 (β 8 )), two β-hairpins (residues 41-43 (β 4 ) and 48-50 (β 5 ); 97-100 (β 9 ) and 103-106 (β 10 )) and three 3 10 helical turns (residues 3-5(α 1 ), 56-58(α 2 ) and 93-95(α 3 )) (Figure 2(b) ). The similarity between the wild type CV-N structure (PDB accession code 2EZM) and the minimized mean structure of GzCVNH is evidenced by a backbone (N, C α , C') r.m.s.d. value of 1.04 Å ( Table 2) . Not surprisingly, in the case of GzCVNH the only conserved cysteine, Cys23 (corresponding to Cys22 of CV-N) is not involved in any disulfide bond since at the position of Cys8, the pairing residue in CV-N, GzCVNH contains a serine. In place of the Cys58-Cys73 disulfide bond in CV-N, two hydrophobic residues, Ala59 and Leu79 are found in GzCVNH ( Figure  2(c),(d) ). The conserved Cys23 is relatively close to Cys101 and one could have speculated that these two cysteines may possibly form a disulfide bond. However, there is no experimental indication for a disulfide bond and in the final structure the relevant cysteine side chains clearly point in different directions with a C α -C α' distance of 7.8 Å (Figure 2(e) ). This distance is incompatible with disulfide bond formation, lying outside the effective range for C α -C α ' distances in native protein disulfide bonds (4.8 to 6.6 Å). 35 When comparing GzCVNH with other CVNH members, the closest CVNH relative is CrCVNH with a backbone (N, C α , C') r.m.s.d of 1.14 Å (Table 2 ). In CrCVNH, the two disulfide bonds found in CV-N (Cys8-Cys22 and Cys58-Cys73 are structurally conserved (Cys9-Cys23 and Cys59-Cys74) 6 , with an additional disulfide bond between Cys3 and Cys102. The other two CVNH proteins, TbCVNH and NcCVNH, contain no disulfide bridges.6 Therefore, it appears that the presence or absence of disulfide bonds does not determine which members of the CVNH family are structurally most similar.
Another distinct feature in the GzCVNH structure is the presence of an extended loop in the Thr63-Arg76 region (equivalent to the Gln62-Ala70 loop in CV-N (Figure 1(b) ) that is created by the insertion of five extra amino acids (Figure 2(f) ). In addition, a different local conformation exists in the loop region around Trp50-Phe55 in GzCVNH, corresponding to Trp49-Phe54 in CV-N. In this stretch of sequence, three out of the six amino acids are different, causing a change in the overall structure, even if the two aromatic side chains, Trp and Phe, occupy essentially identical positions in space. A superposition of this region for the two proteins, including side chains, is depicted in Figure 2(g) . Interestingly, the pivotal Pro51 in the hinge-loop region of CV-N, associated with domain swapping, is Gly52 in GzCVNH.
Glycoarray screening of GzCVNH
To gain information about the sugar-binding specificity of GzCVNH, a series of glycan array screens was carried out. Over 400 glycans were tested, covering a variety of hybrid and N-linked carbohydrates (http://www.functionalglycomics.org/static/index.shtml). Direct fluorescent labeling with Cy5 was used for detection and fluorescent labeled CV-N was used as a control in these experiments. The results of two representative experiments are provided in Figures 3(a) and (b) . GzCVNH like CV-N recognized mannose-containing structures, with GzCVNH exhibiting slightly more restricted specificity (Figure 3(a) ). Both proteins interacted with several high-mannose N-glycans and branched n-pentyl glycosides (nano-, octa-, penta-mannosides) that lack the chitobiose moiety at the reducing end of the oligosaccharide structure, as well as the linear tri-and dimannose. In addition, some glycans containing Galβ1-4GlcNAc and Galβ1-3(Fucα1-4)GlcNAc structural motifs, were found within the carbohydrate set that interacted with CV-N (Figure 3(b) ), but these appear not to bind to GzCVNH.
NMR Titration
Subsequent to the array screening, direct NMR titration experiments were carried out with Manα(1-2)Manα, the smallest epitope of the branched high mannoses that was identified in the array screening. Carbohydrate binding sites on GzCVNH were mapped by following chemical shift perturbations in the 1 H-15 N HSQC spectrum of 15 N uniformly labeled protein as a function of ligand addition. Titrations were carried out at 150 μM protein concentration up to a final concentration of 7.5 mM Manα(1-2)Manα (~ 50 fold molar excess), ensuring that low micromolar interactions could be detected. A superposition of the 1 H-15 N HSQC spectra of 150μM GzCVNH in the absence (black contours) and presence of 50 molar equivalents of Manα(1-2)Manα (yellow contours) is displayed in Figure 4 , with an expanded view for three selected regions shown in the top right panels. The binding isotherm derived from the chemical shift changes is depicted in the top left panel. The location of residues whose amide resonances were perturbed, Asn43, Asp44, Asp45, Gly46, Glu53, Asn54, Phe55, Ala59, Asn80, Met82, as well as the Asn43, Asn54, Asn 80 side chains, clearly delineate the binding site in domain B (Figure 4(b) ). The degree of perturbation is largest for Asp45, located on the first strand of the β4-β5 hairpin in domain B. The amide resonance of Asp45 is in intermediate exchange, while all other resonances exhibit fast exchange on the chemical shift scale.
The equilibrium dissociation constant (K d ) for Manα(1-2)Manα binding was determined from the titration shifts (chemical shift Δδ (ppm) versus the ratio of ligand to protein concentration) using several resonances. Analysis of the binding isotherm for Manα(1-2)Manα binding to the site on domain B yields a K d value of 768 ± 60 μM. This value is very similar to the one determined for Manα(1-2)Manα binding to site A on CV-N (757 ± 80 μM). 11 In order to probe whether any dimannose binding to domain A of GzCVNH could be detected, an even larger excess of Manα(1-2)Manα was used. Only at very high sugar/protein molar ratios (20-50 fold molar excess), some resonances of domain A residues were affected. However, the magnitude of chemical shifts changes was very small, suggesting that the affinity for Manα(1-2)Manα is extremely low. Resonances that were affected at the highest sugar concentration belonged to amino acids Phe4, Asn99 and Cys101. These residues occupy equivalent locations to residues in the sugar binding site in domain A of CV-N.
Discussion
The high-resolution solution NMR structure of GzCVNH reported here allows for a detailed comparison with the structure of the original, class-defining member of the CVNH family, CV-N. Despite a significant degree of sequence conservation and high structural similarity between GzCVNH and CV-N, several notable differences exist. The four cysteine residues in CV-N that form two disulfide bridges, and which were initially thought to be important for structural integrity and activity of CV-N, 36 are not present. This finding complements results for other CVNH homologues that also contain varying numbers of cysteines. 6 On the other hand , the lower thermal stability (T m =48°C; data not shown) of GzCVNH, compared to wild type CV-N (T m =61.3°C), may be partially caused by the absence of the disulfide bonds.
It is interesting to note that unlike CV-N which can exist either as a monomer 5 or domainswapped dimer, 37, 38 domain-swapped dimer structures for any CVNH member, including GzCVNH, have not been observed to date. In solution, the domain-swapped dimeric form of wild type CV-N is a trapped kinetic intermediate,38 while in the crystal, wild type CV-N is always found as a domain-swapped dimer.37 , 39 Amino acid composition of the hinge-loop region (Trp49-Phe54) is one of the determinants in domain swapping, and significant sequence variability is observed in the equivalent region of GzCVNH (Trp50-Phe55), with Gly52 taking the place of Pro51. Interestingly, the equivalent P51G substitution in CV-N does not prevent domain swapping and this mutant of CV-N still is capable of domain swapping, although it renders both monomeric and dimeric forms significantly more stable than wild type. 38 The reverse mutation in GzCVNH, namely changing Gly52 to Pro interfered with correct folding of the protein, preventing the structural characterization of this mutant (data not shown). This result indicates the importance of the precise sequence context for structural stability, even for closely related homologous proteins.
The glycan array screening data revealed similar carbohydrate binding profiles for GzCVNH and CV-N, with Manα(1-2)Manα linked sugars as the recognition unit in a variety of branched oligomannoses. However, no substantive anti-HIV activity was detected for GzCVNH, up to a concentration of ~1 μM, when tested in single-cycle HIV-1 infection assays using Hela-P4 cells (data not shown). This can be rationalized by the fact that GzCVNH contains only a single, weak sugar binding site on domain B. When comparing GzCVNH with other CVNH members, only CrCVNH was found to exhibit two carbohydrate binding sites, one on domain A and one on domain B. In TbCVNH and NcCVNH only one binding site is present, on domain A and domain B, respectively. Some, but very little, anti-HIV activity was detected for CrCVNH; albeit the fact that a ~1000-fold higher protein concentration was necessary to detect any activity, supports the notion that the correct disposition of sugar binding sites as well as optimal affinities for the dimannose and trimannose units on the D1 and D3 arms of high mannose sugars are necessary for anti-HIV activity. 6 We and others10 previously demonstrated that multi-site and multi-valent interactions between the protein and the high-mannose glycans on gp120 are necessary of CV-N's HIV-inactivating activity,12 therefore a clear rational for the observed lack of anti-HIV activity for GzCVNH exists.
Comparison of the sequences and structures of GzCVNH and CV-N for the sugar binding regions revealed that most of residues involved in carbohydrate binding in CV-N are not the same in GzCVNH. In domain A, two more side chains are different than in domain B. Inspection of the crystal structure of a mutant CV-N protein, in which the carbohydrate binding site in domain A was abolished, complexed with a dimannose ligand, P51G-m4-CVN: Manα(1-2)Manα (PDB accession code 2RDK), revealed that in the binding site on domain B, four of the sugar hydroxyl groups simultaneously function as donor and acceptor groups, resulting in eight hydrogen bonds. 10, 40 These H-bonds are equally distributed between 3, 4, 3' and 4'-hydroxyl groups, each forming a bifurcated hydrogen bond. These hydroxyls act as donors to the main chain oxygen atoms of Asn42, Ser52, Asn53 and Lys74, and hydrogen bond acceptors for the main chain nitrogen atoms of the Asn42, Asp44, and the side chain Oγ of Thr57, respectively (Figure 5(a) ). In the case of GzCVNH, three of the corresponding residues in domain B are conserved (Asn42/Asn43, Asp44/Asp45 and Asn53/ Asn54), one is conservatively substituted (Thr57/Ser60), while two are quite different (Ser52/Glu53, Lys74/Asn80) (Figure 4(d) ). This partial sequence conservation in equivalent structural positions explains why GzCVNH is able to bind to Manα(1-2)Manα linked sugars in domain B. Since seven of the H-bonds between Manα(1-2)Manα and CV-N involve main-chain atoms and 3' and 4'-hydroxyl groups on the sugars are important for selectivity and high-affinity binding, 41 one could argue that a similar H-bonding network could be formed in the interaction of dimannose or oligomannose with GzCVNH in domain B. However, subtle structural changes may modulate these interactions, causing a substantial drop in affinity.
The extremely weak and virtually absent second carbohydrate binding site on domain A of GzCVNH, that is only detectable in the presence of a massive excess of sugar, can be explained by the more pronounced structural differences associated with the amino acid composition in the binding site on domain A. From the crystal structures of wild type CV-N bound to Man-9 42 (PDB accession code 3GXZ) residues of domain A that form H-bonds with the trimannose on the D1 arm of Man-9 can be delineated. These are Leu1, Gly2, Lys3, Thr7, Glu23, Asn93 and Asp95. Only two of these residues are conserved in GzCVNH (Gly2/Gly2 and Asn93/Asn99), while two are conservatively substituted (Lys3/Asn3, Thr7/ Ser7), and three are very different (Leu1/Met1, Glu23/Gly24, Asp95/Cys101). In this structure, three of the terminal Manα(1-2)Manα hydroxyl groups are involved in six hydrogen bonds. 42 These H-bonds involve the 3, 4, and 3'-hydroxyl groups ( Figure 5 (Figure 4 bottom panel, cyan) , even when a large excess of sugar was present, and only very small chemical shift changes were observed for Phe4, Asn99 and C101. Since it is impossible to ascertain whether these changes are saturable, one cannot determine with certainty that a binding site is present. Such small changes could also be caused by non-specific binding. A modeled structural depiction of a possible hydrogen bonding network for GzCVNH suggests that neither of the main chain amides of Met1, Gly2 or the side chain of Asn3, can engage in H-bonding. Only the main chain nitrogen of Phe4 is potentially capable to hydrogen-bond with the 4 hydroxyl of Manα(1-2)Manα ( Figure 5(b) , red dashed line). It therefore seems reasonable to conclude that the structural difference at the protein's N-terminus is responsible for the extremely weak binding of Manα(1-2)Manα to domain A of GzCVNH.
In summary, although structurally similar to CV-N, GzCVNH, like several other CVNH family members with single carbohydrate binding sites that interact weakly with mannose sugars, does not possess any anti-HIV activity. This finding lends further support to our previous assertion that multi-site and multi-valent interactions are necessary for potent HIVinactivation. Backbone atoms (Cα, N, C') 0.20 ± 0.05 * determined by PROCHECK and PSVS ** calculated for residues 1-108 (of 108 total for GzCVNH) of each conformer with respect to the minimized mean structure. Sequence identity scores were obtained using ClustalW for alignment of the entire sequence of the individual CVNHs. 
